The intensity and the degree of polarization of the radiation diffusely reflected by an inhomogeneous atmosphere are computed by using the adding method (Takashima et al., 1975), where the atmosphere is composed of twelve homogeneous composite layers. The atmosphere-ground system used for the numerical computations is such a realistic model that the effect of scattering due to aerosols distribution with height and the absorption effect by ozone are taken into account. In addition, the atmosphere is bounded by a hybrid surface of a diffuse and specular reflector. In this paper, computations are selected in the wavelength region of 0.65*m which is applicable for the study of VHRR and VISSR data (0.6-1.0*m).
Introduction
In the wavelength region (0.6-1.0*m), the atmosphere is rather transparent and hence the radiation reflected directly by the surface is predominant in terms of the diffuse reflection radiation from the atmosphere-ground system, rather than the effect of multiple scattering and absorption due to the atmospheric constituents.
Hence this wavelength region is suitable for monitoring the surface characteristic as well as cloud distributions by using remote sensing satel-1 ite techniques. In recent years, the development of high resolution radiometers has been making rapid progress and in fact, radiometers such as VHRR and VISSR are engaged in this wavelength region of spectrum. Furthermore the advantage * On leave from the Meteorological Research Institute, Tokyo, Japan lies in remote sensing satellite techniques over monitoring the surface characteristics of the earth, such as ice or a sea state or for detecting a snow covered area and deriving its depth where the ground based data is not readily available (Barnes et al., 1972; Wiesnet, 1974; McClain et al., 1969; McClain, 1973) . It should also be noted that there are feasibility studies of taking a polarimeter aboard a spacecraft. This is expected to provide a sophisticated knowledge of aerosols and ozone in the atmosphere, as well as surface characteristics. Therefore there is a need to establish the theoretical investigation of these matters, in advance, in terms of the diffuse reflection radiation measurements by using remote sensing satellites.
However in the solution of radiative transfer equations and the computation of the diffuse radiation numerically, the major difficulties lie in the treatment of the effect of multiple scattering by aerosols and the multiple interactions between the atmosphere and the ground.
Hence, several assumptions are made to model the atmosphereground system to get numerical solutions with a reasonable computation time. The reflected radiation from the ground has usually been discussed, based upon the scattering of light by a Lambert or a specular reflection. However it has recently been discovered in laboratory investigations, that representative samples of natural formations such as soils and sands do not reflect light in accordance with the Lambert law (Chen et al., 1968) . The degree of polarization of the radiation reflected by such substances as soil and sand, exhibits a strong dependence on their moisture content (Rao. 1973) . Furthermore there is a reciprocal relationship between the surface brightness and the polarization of the reflected radiation.
Anisotropic solar reflectance is also observed over white sand, snow and stratus clouds from the Nimbus F-3 medium resolution radiometer (MRIR) (Salomonson et al., 1968) . Furthermore fresh fallen snow shows an almost isotropic reflectivity, but the specular component increases with the age of the snowcover (Dirmhirn et al., 1975) . These facts necessitate the abandonment of the assumption of a Lambert surface. Moreover, optical properties of the surface are expected to be very important for the diffuse reflection radiation especially in the long wavelength region of the visible spectrum (Rao et al., 19/3) . Hence as a representation of the real surface, it is necessary to model the surface to compute the diffuse reflection radiation by the atmosphere-ground system to meet the correspondence between the laboratory measurements and the data taken by satellites. With this reason in mind, the intensity and the degree of polarization of the diffuse reflection radiation by the atmosphere bounded by the hybrid surface of a diffuse and specular reflector is computed.
This hybrid surface is in a general expression and hence is applicable for modelling the surface.
Model Atmosphere
The model atmosphere contains aerosols and ozone distributions with height given by Elterman (1968) . The optical thicknesses of the aerosols, Rayleigh particles and ozone are 0.224, 0.050 and 0.021 respectively. Since the element P4 of the aerosol phase matrix is smaller than that of the other elements, P4 is neglected in these computations. The phase function and the degree of polarization are shown in Fig. 1 . The refractive index of aerosols is fixed at 1.34 in this study. The wavelength of the radiative transfer is selected as 0.65*m, which is applicable to the study of the VHRR and VISSR date (0.6-1.0*m). The reflection matrix of the hybrid surface is defined in the form : where the reflection coefficients *1 and ** are calculated with a refractive index n=1.33 (Clarke et al., 1971) . The parameters A and * denote the albedo of the diffuse reflector and the ratio of the Lambert surface to that of the specular one respectively. The first term of the right hand side of equation (1) represents the ratio of the Lambert law reflector and the second term does that of the specular reflector. This reflection matrix can be modified by multiplying the arbitrary constant by the terms on the right hand side of equation (1) to model the surface. The diffuse reflection radiation is computed in terms of the inhomogeneous atmosphere which is composed of twelve homogeneous composite layers with fourteen harmonic components. Fig. 2 shows (a) the intensity and (b) the degree of polarization of the radiation reflected by the hybrid surface in the specular direction. It is observed that a diffuse reflector (see Fig. 2 (a)) scatters more radiation in the specular direction under the incident illumination at a small nadir angle than at a large nadir angle, while the specular reflector is the opposite of this. It scatters more radiation at a large nadir angle than at a small angle. The reflected radiation is completely polarized at * =53 if the surface characteristics are of a specular nature (see Fig. 2(b) ). All computations were performed on a CDC 7600.
Computational results.
The intensity of the diffuse reflection radiation in the sun vertical is shown in Fig. 3 at the fixed value of albedo A=0.7 with changing values of a from 0.0 to 1.0, where the case of *=1.0 corresponds to a pure Lambert surface, while that of *=0.0 a specular reflector. It is evident from the figure that at the sun direction *0=26.0 (see Fig. 3 (a) ) (1) a sharply increased value of intensity exists in the specular direction in the case of The reflector is assumed to be (1) the Lambert surface (A=1.0), (2) a hybrid mode (A=1.0, *= 0.5) and (3) a specular surface. The abscissa represents the incident direction of radiation. * =0.0 and (2) the intensity is higher at a larger nadir angle of observation. This peak is gradually reduced by increasing the ratio of the Lambert law reflector. In case of the Lambert surface, the intensity is lower at a larger nadir angle of observation and is slightly higher at the antisolar side (*=180) than at the solar side (*=0). Fig. 3 (b) shows the same computations as Fig. 3 (a) but for *0=65.9. At *=0.0 the intensity is a larger value at a larger nadir angle of observation, especially on the solar side (*=0). This is due to the surface characteristics of the specular law reflector. It reflects a large amount of radiation when the nadir angle of the incident sun is increased (see Fig. 2 ). At *=1.0, the Vol. 53, No. 6 (a) Fig. 4 The intensity of the diffuse reflection radiation in the sun vertical. Solid, long broken and short broken lines correspond to the input data sets (A) (A=0.5, *=1.0), (A= 0.7, *=0 .7) and (A=1.0, *=0.5), respectively, and, (B) (A=0.5, *=0.7), (A=0.7, * =0.5) and (A=1.0, *=0.5), respectively at *0=26.0 and 65.9. intensity is larger in value at a larger nadir angle of observation on the solar side (*=0). The diffuse reflector scatters radiation rather uniformly in all directions, while the specular reflector scatters radiation primarily in the specular direction. Fig. 4 shows the intensity of the diffuse reflection radiation in the sun vertical with the input data sets (A) (A=0.5, *=1.0), (A=0.7, * =0.7) and (A=1.0, *=0.5) respectively at selected nadir angles, *0=26.0 and 65.9. This first data set corresponds to a pure Lambert surface, while the last corresponds to a half of it. At *0=65.9, a larger intensity value is noted at a larger value of nadir angle of observation, especially in the sun direction (*=0). This is more pronounced in the case of (A=0, *=0.5) than in that of (A=0.5, *=1.0).
In an observational direction of less than 20 degrees, there is no appreciable difference between these three cases. At *0=26.0, all three cases show lower values of intensity at larger observation angles, but in the case of (A=1.0, *=0.5) a slightly larger value in the sun direction (*=0) is found, while that of (A=0.5, *=1.0) in the anti-sun Tsutomu Takashima 471 direction. Therefore the hybrid mode is much more realistic than that of a Lambert law to model the surface. Fig. 4(B) shows the same computational results that are shown in Fig. 4  (A) , but for the input data sets (B) (A =0.5, *= 0.7), (A=0.7, *=0.5) and (A=1.0, *=0.3).
It is observed that a larger intensity value exists at a larger nadir angle of observation with the reduction of the value * at *0=65.9.
At *0=26.0, a small peak of intensity is noted in the specular direction.
Hence if the albedo of the diffuse reflector is less than 0.35 and at the same time the contribution of the specular reflector is greater than 50 percent, this small peak can be seen. Fig. 5 illustrates the angular distribution of the intensity of the diffuse reflection radiation at A=0.7 and *0=53.6 at (1) *=1.0, (2) *=0.5 and (3) *=0.0 in the plane (a) *=0 and 180, (b) *=30 and 150, (c) *= 60 and 120 and (d) * =90, respectively. It is observed that at *= 1.0, a high intensity value at a large nadir angle of observation at *=0 is noted, while on the other hand, at *=180, a small value is observed. At 0***30, there is no appreciable difference in intensity values. At *=0, a high intensity value exists in all the large nadir angles of observation, especially at *=0 in the specular direction.
At 0***30, there is no appreciable difference in the intensity value.
At *=0.5, intermediate values are found. Fig. 6 shows the albedo of an atmosphere-ground system at a given sun nadir angle 0 at A=0.7. Satellites can measure this quantity with respect to time. From the graph it is observed that if the surface reflects light in accordance with the pure Lambert law, the albedo does not differ appreciably at all sun nadir angles (Alb.=0.66). This is partly due to a high value of the ground albedo (A=0.7) and partly due to a transparent atmosphere (rtot =0.295). But on the other hand, albedo depends on the sun direction to the hybrid surface. It increases rapidly with an increasing sun nadir angle. It is 0.28 at 0=76 and 0.035 at 0o=0 for a specular reflector.
The degree of polarization of the diffuse reflection radiation in the sun vertical is shown at A=0.7 in Fig. 7(a) 0=11.4, (b) 40.3 and (c) 65.9, where the parameter a is changed from 0.0 to 1.0. It is observed from the figures (a), (b) and (c) that the degree of polarization is very sensitive in terms of the parameter a. It decreases rapidly with the increase of a, (72% at a=0 and 22% at a=0.3 at 0=40.3). Moreover a higher degree of polarization is observed at a=0 and 00=40.3 than at the other. cases 00=11.4 and 65.9. This is partially due to a higher degree of ;'polarization of the radiation reflected by the specular reflector in the emergent direction and also partly due to a high degree of polarization produced by scattering by the atmospheric con- stituents.
These results model the characteristics of the polarization of the radiation produced by the soil and sand with moisture content. With an increased amount of moisture content, a higher degree of polarization was noted in the specular direction (Rao, 1974) . In Fig. 7 (c) at * =0, the degree of polarization shows the saddle upward in its shape with two high peaks at *= 10 and 50. This is due to the combined effect of the multiple scattering processes in the atmosphere and the reflection properties of the surface. If the surface is absent or assumed to reflect no incident radiation, the maximum degree of polarization is expected at around 90 degrees from the anti-sun direction (*=24), while in the absence of the atmosphere, the maximum degree of polarization appears in the specular direction (*=66). Therefore the degree of polarization of the radiation reflected diffusely by the atmosphereground system turns out to be such a polarization curve due to multiple interaction processes of radiation between the atmosphere and the ground.
With an increase in the value of *, the peak appears only in the specular direction due to the small value of polarization in terms of the Lambert surface. In fact it is observed from Tsutomu Takashima 473 (a) Fig. 8 The same as Fig. 4 , but for the degree of polarization. Fig. 7 (c) that the peak value of polarization at * =10 disappears if the aerosols do not alter the state of polarization by scattering, and in addition, Rayleigh particles are absent in the model atmosphere (see dot line). Fig. 8 shows the degree of polarization of the radiation emerging from the model atmosphere at the given ratio of a diffuse and specular reflector at (a) *0=65.9 and (b) 26.0 for the same data set as used in Fig. 4 . It is observed from Fig. 8 (A) that (1) a maximum degree of polarization exists in the specular direction at *0=65.9. This peak reduces very much with the increase of * from 0.5 to 1.0.
(2) A maximum degree of polarization does not exist at *0=26.0 for the three cases computed, but the polarization value is higher for the data (A=1.0, *=0.5) than that of (A=0.5, *=1.0) due to the surface characteristics. (3) At the Lambert surface the maximum degree of polarization is located at around 90 degrees from the anti-sun direction. It is observed from Fig. 8 (B) that the maximum degree of polarization exists in the specular direction at *0=65.9, but reduces with an increasing value of the parameter *.
Hence it is observed that the degree of polarization is a sensitive parameter in terms of the diffuse reflection radiation rather than the intensity. It can provide a knowledge of the surface (b) Fig. 9 Comparison of the intensity (a) and the degree of polarization (b) of the radiation emerging from the inhomogeneous atmosphere (solid line) with that of the homogeneous one at *=0.65*m for A=0.7, * =0.5 and *0=40.3 characteristics in detail. Fig. 9 shows the comparison of the intensity (a) and the polarization degree (b) of the radiation emerging from the inhomogeneous atmosphere with that of the homogeneous one at A=0.7, *=0.5 and *0=40.3. It is observed that the intensity from the homogeneous atmosphere is slightly higher in value than that from the inhomogeneous one, especially with a large nadir angle of observation (3.4% at * 0=66, 2.4% at *0=40). The maximum degree of polarization in terms of the homogeneous atmosphere is slightly higher in value (0.4%) than that from the inhomogeneous one (see Fig. 8 (b) ). This is primarily due to the under-estimation of ozone absorption when the assumption of the homogeneous atmosphere is employed. But if the nadir angle of observation is less than 30 degrees, the intensity deviation is very small (1.5% at *= 26, 1.0% at *=11).
The deviation of the degree of polarization is also very small (0.13% at *= 66.0, 0.54% at *=40.0 and 0.20% at *=26.0). This is partly due to the increased importance of the radiation reflected by the surface in this wavelength region (*=0.65*m). Hence for interpretation of the surface characteristics by using the VHRR data (*=40 at the sub-synchronous point), the theoretical value of the diffuse reflection radiation by the homogeneous atmosphere can be employed. It should be noted that these results were compared with those of Fraser (1966) for a pure Rayleigh atmosphere bounded by a specular reflector and a perfect agreement was found between them.
Conclusion
It is found from the theoretical computations that (1) the degree of polarization decreases at the higher ratio of the Lambert law reflector and (2) at the same time the intensity of the diffuse reflection radiation increases. These facts represent the characteristics of the natural formations such as soil and sand with moisture content. Hence a hybrid surface of a diffuse and specular reflector is suitable for modelling these natural formations as well as ice field and snow covered areas, rather than either the Lambert or the specular reflector.
It is also found that the computation time required for calculations of the diffuse reflection radiation remains the same as that of either Lambert or specular reflector by using the adding method.
Hence it has an advantage in the investigation of surface characteristics, especially in the use of the long wavelength region of the visible spectrum. Fraser, R.S., 1966: 
